Respiratory burns are caused by the aspiration of heated gases or toxic products of incomplete combustion. The extent of damage is determined by the temperature of the inhaled gases, their composition and the duration of exposure. Along with age and size of full-thickness burn injury, the presence of respiratory burns is one of the most powerful predictors of poor outcome in patients admitted to burn centers. There are three types of respiratory burns: (a) Inhalation of systemic asphyxiants such as carbon monoxide. (b) Thermal damage to airway above vocal cords. (c) Injury to tracheobronchial tree and pulmonary parenchyma by inhaled toxicants. The goals of initial management of the airway and breathing are to protect the patency of the airway to prevent suffocation and to ensure adequate ventilation and oxygenation. High levels of inspired oxygen are necessary to treat carbon monoxide poisoning. Intubation and mechanical ventilator support with low tidal volumes is required to treat subglottic respiratory burns. Because there are no known antidotes to the poisonous effects of inhaled smoke, treatment of respiratory burns is protective and supportive.
INTRODUCTION
Respiratory burn injuries result from the aspiration of superheated gas, steam, or hot liquids, or the poisonous products of incomplete combustion. The toxicant gases produced in a fire can be categorized into separate classes: The asphyxiants, which induce cellular functioning impairment and the irritants, which inflame the respiratory tract. The gravity of the injury is affected by the characteristics of the offending agents, such as temperature, composition and duration of exposure.
The three categories of respiratory burn injuries are:
• Injury caused by exposure to poisonous gases such as carbon monoxide (CO) and cyanide, • Injury above the vocal cords due to thermal or chemical damage, leading to loss of airway patency from edema and • Injury below the vocal cords resulting from inhaled toxicants, resulting in pulmonary edema, pneumonia and acute respiratory failure.
The majority of fatalities from fire and burns in the United States occur due to the inhalation of smoke. [1] In addition, respiratory burns have a telling effect on the clinical outcome from cutaneous burns, such as increasing rates of infectious complications, length of hospital stay and mortality. For example, in US burn centers the mortality rate of patients with respiratory burns is nearly 10 times the mortality rate of patients without respiratory burns. [2] Treatment for respiratory burns is largely confined to providing appropriate support, such as endotracheal intubation and mechanical ventilation. Until date, researchers have not identified specific antidotes for the noxious effects of inhaled poisons.
The remainder of this commentary describes the author's approach to the diagnosis and treatment of respiratory burns, with the objective of minimizing unnecessary deaths and improving clinical outcomes.
EMERGENCY MANAGEMENT
During the first 24 h after injury, management of the airway is effected to prevent asphyxia. Effective management using modes of ventilation that do not aggravate damage to the lungs guarantees patency of the airway and ensures the satisfactory provision of oxygen (O 2 ) and the clearance of carbon dioxide (CO 2 ). Care should be taken to avoid the use of agents that may confound subsequent care, such as systemic corticosteroids and prophylactic antibiotics.
Once the patient is suspected of having sustained respiratory injury, supplemental inhaled oxygen should be provided as humidified gas. Ideally, this step should be taken at the scene of the accident as well as during transport to the hospital, but that will only be possible in regions with developed pre-hospital response systems. The primary reason for providing oxygen is for treatment of carbon monoxide poisoning [Box 1], but oxygen will also assist patients in whom respiratory gas exchange is impaired.
The inhalation of soot and other particles as well as irritants in smoke leads to increased respiratory secretions and coughing. Inhalation of inhaled humidified oxygen provides moisture to reduce desiccation of secretions and sloughed mucosa and gives the patient some relief of symptoms.
INTUBATION
Clearly the most important decision to make early in the assessment and treatment of patients with respiratory burns is whether or not to intubate. The key issue for consideration is that thermal and chemical injury of the upper airway will result in inflammation of the softtissues and edema formation in the mucosa of the oral and nasal cavities, the pharynx and the larynx. This edema causes tissue expansion into the airway space, impeding air movement. Treatment of thermal inflammation of the upper airway with inhaled corticosteroids or epinephrine has not proved to slow progression of edema formation or reduce the risk of airway compromise. The only truly effective treatment of airway burns is tracheal intubation.
Unlike the signs and symptoms of CO poisoning, which are subtle and often only detected on arterial blood gas analysis -the clinical presentation of upper airway burns is more obvious. The most reliable symptom in the awake patient is the subjective perception of difficulty in breathing. Once the patient complaints of trouble with air exchange, tracheal intubation is the next step. Earlier signs and symptoms include hoarse voice, stridor and the use of accessory muscles for breathing. Less reliable signs include the presence of burns on the face, singed nasal or facial hairs or soot in the mouth. A quick inspection using the direct laryngoscopy can identify erythema or swelling of the larynx and vocal cords consistent with thermal burns.
Diagnosis of upper airway burns in the comatose patient is challenging. Again, direct laryngoscopy may be helpful, but the single most significant factor to consider is the mechanism of injury -that is, was the patient burned by a fire in a closed space or by his or her own flaming In addition to causing tissue hypoxia and cellular dysfunction in the 1 st days after inhalation, CO intoxication can also lead to chronic neuropsychological disability. CO poisoning is therefore at condition that must be treated early and effectively.
clothing? If flames and smoke production were present at the scene, the unconscious patient should be presumed to suffer from respiratory burns and intubation should be performed expeditiously.
It is crucial to understand that in the first 24 h information provided from chest radiographs and arterial blood gas analyses will not help the diagnosis of respiratory burns. The appearance of the chest radiograph may not change for several hours; it is not unusual for patients with severe respiratory burns to present with normal chest radiographs. Similarly, hypercarbia will not be evident for some time after injury. Hypoxemia is the most common result of early alteration of blood gases, but again may not be present at the time of the initial evaluation.
Occasionally, it is necessary to perform prophylactic intubation on patients suspected of respiratory burns. Even if the patient is awake and has not complained of breathing difficulty, tracheal intubation should be performed if the patient is to be transferred from one facility to another, such as from a regional hospital to a specialty care facility with a burn center. Another circumstance in which prophylactic intubation may be useful is for the patient with large burns (for example, over 40% of the body surface area). When patients with large burns undergo aggressive resuscitation with crystalloid fluids using a technique such as the Parkland formula, capillary leakage will result in extravasation of large amounts of fluid into the soft-tissues throughout the body, including the upper airway. Even patients without respiratory burns may die of loss of airway patency caused by whole body edema and can be salvaged by early tracheal intubation.
The options for early tracheal intubation include using either the nasotracheal or orotracheal routes. The advantages of using the nasotracheal route are that it can be performed without endangering the cervical spinal cord in patients who have sustained spinal trauma and that the tubing can be secured more safely in patients with facial burns. On the other hand, a higher incidence of paranasal sinusitis results from the use of nasotracheal tubes. Orotracheal tubes can be inserted with direct vision using a laryngoscope, and skilled practitioners performing this technique can avoid endangering the cervical spine by keeping the spine in axial (in-line) traction. Adults should be intubated with endotracheal tubes of at least a 7.5 mm inner diameter (French size) to facilitate suctioning, pulmonary toilet and fiberoptic bronchoscopy.
Although cricothyroidotomy and emergency tracheostomy are always options, their use is less desirable in the early management of respiratory burns than that of tracheal intubation. Tissue edema distorts cervical anatomy, often creating severe technical challenges for the surgeon.
Obviously, when excessive edema in the upper airway disallows tracheal intubation, a surgical procedure is the only option. However, it is preferable to avoid such situations by intubating the patient early in the 1 st h after injury.
Patient with respiratory burns should also be treated from the earliest opportunity for CO poisoning. 
CAUSATION OF INJURY
Respiratory burns below the vocal cords result from exposure of the respiratory tract tissues to noxious chemicals present in the inhaled gases and smoke particles produced from incomplete combustion. The pharynx is so efficient at removing heat from inhaled smoke that the only thermal damage from smoke occurs above the vocal cords (the exception results from inhalation of superheated steam, the droplets of which are capable of carrying heat down into the small airways; this is frequently a fatal injury because of thermal damage to the lung parenchyma). Changes associated with subglottic respiratory burns include sloughing of airway epithelium, increased mucous secretion, impairment of ciliated cells lining the trachea, diffuse inflammation, inactivation of surfactant secretion, increased blood flow and spasm of the smooth muscle lining of the bronchi and bronchioles [Box 2].
Toxicants present in inhaled smoke diffuse from the alveoli to the capillaries and arterioles that surround the air sacs, leading to damage of these vessels as well. Not only do the perialveolar capillaries become inflamed, but the release of cytokines attracts leucocytes to the site of injury. Inflammation results in exudation of plasma into the perialveolar space, leading to widening of the alveolar-capillary space, pulmonary edema and hypoxemia, characteristics of acute lung injury (ALI). Leucocytes infiltrate the inflamed tissue by diapedesis, releasing contents of their lysosomes and exacerbating tissue damage. As fluid accumulates in the alveolar-capillary space throughout the lungs, compliance is diminished and CO 2 exchange is compromised. Innate immune function becomes impaired and the combination of reduced ciliary clearance, fluid accumulation and epithelial necrosis create conditions in which bacterial pneumonia is likely.
Thus two clinical syndromes may result from respiratory burns: Pneumonia and acute respiratory distress syndrome (ARDS). Both are associated with acute respiratory failure, and if untreated, can progress to death. Treatment of bacterial pneumonia of course requires appropriate antibacterial therapy, but both conditions may increase the likelihood of prolonging intubation and mechanical ventilator support.
VENTILATOR SUPPORT
The goal of ventilator support is to provide adequate ventilation for oxygenation and elimination of CO 2 without further damaging the lungs. Ventilator-induced lung injury (VLI) is associated with hyperinflation of normal regions of aerated lung because of high tidal volumes.
Alveolar rupture and accumulation of extra-alveolar air (barotrauma) result from higher inflating pressures. Because compliance in poorly aerated regions of diseased lung is low, the rapid cyclic inflation-deflation of normal, inflated alveoli consecutive to the collapsed alveoli creates high shear forces. In addition, the overexpansion of normal alveoli leads to high transpulmonary pressures in the aerated regions, making them susceptible to direct physical damage, including disruption of alveolar epithelia and capillary endothelia. The flood of cytokines both locally and systemically may also increase as the inflammatory response is aggravated.
In the past, the goal of employing ventilator support was to normalize arterial blood gases, bringing pH as close as possible to 7.4 and keeping oxyhemoglobin saturation above 95%. This was accomplished using high concentrations of inspired oxygen and high minute ventilations delivered by volume-controlled ventilators. Tidal volumes of 10-15 mL/kg were not unusual, rationalized by the need for increased recruitment of collapsed alveoli. Unfortunately, this approach frequently resulted in VLI.
Peak transpulmonary pressures can be safely reduced by increasing positive end-expiratory pressure (PEEP) and decreasing tidal volume. In addition, the philosophy of permissive hypercapnia has been adopted, allowing the pH to decline to as low as 7.2 before intervening. Furthermore, in patients without vascular disease, oxyhemoglobin saturation of 90% is adequate.
Either volume-cycled or pressure-cycled modes can be used for mechanical ventilation as long as high tidal volumes and plateau pressures (plateau pressures are measured at 0.5 s after peak inspiration) are avoided (see below for discussion of the rationale for the use of low tidal volumes for lung protective strategy). When using a volume-cycled mode such as synchronous intermittent mandatory ventilation, plateau pressures should be kept below 30 cm H 2 O. Initial tidal volumes should be set at 6 mL/kg of patient weight. When using a pressure-cycled mode, peak inspiratory pressure should be set at 20 cm H 2 O and increased as needed to keep pH >7.2.
In the first few hours after injury, patients suffering from respiratory burns may have relatively normal oxygenation (P/F ratio [P/F ratio is an expression of the capacity of inspired air to oxygenate the blood in the pulmonary capillaries: PaO 2 /FIO 2 ] >300). However, the P/F ratio quickly declines as the effects of respiratory burns become manifest and as resuscitation fluid accumulates in the lungs. The initial PEEP setting should be 5 cm H 2 O to prevent airway collapse. For the first 6 h after intubation and initiation of mechanical ventilator support, FIO 2 should be maintained at 100% to treat CO poisoning, but after this period of time, FIO 2 should be reduced to 40-50%, provided that oxyhemoglobin saturation remains above 90%.
Box 2
Pathophysiology of respiratory burns: The degree of damage from respiratory burns depends on the environment of the fl ames, including the source of ignition, temperature, duration of exposure and concentration and solubility of the toxicants generated. Water-soluble compounds such as acrolein and other aldehydes (produced by the incomplete combustion of cellulose, polypropylene and acrylics) induce infl ammation of the upper airways. In experimental models bronchial blood fl ow increases 10 fold within 20 min of exposure to smoke. [3] This leads to hyperemia of the bronchial mucosa, which can be noted on bronchoscopic examination and is diagnostic of respiratory burns. Simultaneously, there is an increase in the bronchial microvascular permeability, copious secretion from goblet cells, and shedding of bronchial columnar epithelium, which leads to profuse exudation into the airway. [4] [5] [6] [7] [8] [9] Although this foamy fl uid appears as similar to pulmonary edema, after a few hours it solidifi es and clots, forming obstructive casts in the airways. [10] Caustic compounds in smoke also stimulate sensory and vasomotor nerve endings to release neuropeptides, which in turn contribute to changes in microvascular permeability and activate nitric oxide synthetase and chemokine activity. [11] All these injuries to the trachea, bronchi, and bronchioles impair gas exchange, as well as setting the stage for future bacterial colonization and development of pneumonia. Damage to the pulmonary parenchyma is delayed for several hours, thus explaining the observation that arterial blood gases and chest radiographs are often normal in the fi rst few hours following respiratory burns. However, transpulmonary fl uid fl ux inexorably increases, leading to increased pulmonary edema, reduced compliance, and impaired oxygenation. [12] Toxicants in smoke cause an increase in capillary permeability for passage of both fl uid (serum) and small molecules (like proteins), as well as an increase in capillary hydrostatic pressure. As predicted by the Starling-Landis equation, the net result is transit of fl uid into the interstitial space of the lung parenchyma at a rate that exceeds the ability of pulmonary lymphatics to re-route the fl uid back to the vasculature. [13] In addition, the body's own defense system begins to add to the damage. Neutrophils (polymorphonuclear leukocytes; PMNs) activated by the toxicants in smoke become stiff and cannot traverse the capillary vasculature. PMNs wedged in the pulmonary capillaries then release reactive oxygen species and proteases, which further damage the parenchyma. Experimental models show that prior depletion of PMNs will protect lungs from respiratory burns. [14] Throughout the duration of mechanical ventilation, care should be given to pulmonary toilet. This includes frequent, but gentle suctioning with sterile catheters through the endotracheal tube, and the use of humidified nebulizers such as albuterol or salbuterol to relieve bronchoconstriction and clear secretions. Elective tracheostomy is often helpful, particularly for patients who are intubated for more than 2 weeks, because tracheostomy is more comfortable for the patient than endotracheal intubation, less sedation is required and there a lower incidence of subglottic stenosis.
Care should also be taken to reduce the risk of ventilatorassociated pneumonia (VAP). Elevating the head of the bed 30-45° reduces aspiration of gastric contents into the respiratory tract. Peptic ulcer disease prophylaxis also minimizes the damage done by aspiration and reduces the risk of stress ulceration. Most importantly, the patient should be evaluated every day for the potential for extubation and weaning from ventilator support. This daily evaluation is best accomplished by temporarily reducing sedation ("sedation holiday") to allow the patient to breathe spontaneously if possible.
Once the decision has been made to wean the patient from ventilator support, protocols can be used to shorten the time required for this process. Ventilator settings from which a patient can be safely extubated include FiO 2 <30%, PEEP 5 cm H 2 O, pressure support <10 cm H 2 O and a mandatory ventilator rate of <4 breaths/min. While the patient is still intubated, short trials of spontaneous breathing may be conducted using a T-piece circuit or continuous positive airway pressure of 5 cm H 2 O without mandatory ventilator breaths.
Fortunately, the vast majority of survivors of respiratory burns have normal pulmonary function and thus do not subsequently experience chronic respiratory problems.
RATIONALE FOR THE USE OF LOW-VOLUME VENTILATION AS LUNG PROTECTIVE STRATEGY
The employment of low-volume ventilation as a pulmonary protective strategy has been described in detail elsewhere. [15] ALI denotes the acute onset of impaired oxygen exchange, which can result from smoke inhalation and is defined by an alveolar-arteriolar gradient of less than 300. Serious cases of ALI are described as ARDS, defined by an alveolar-arteriolar gradient of less than 200. [16] Chest radiographs show the presence of bilateral alveolar or interstitial infiltrates. However, there are no clinical signs of left heart failure to explain the occurrence of pulmonary edema.
The associated risk of mortality from ALI/ARDS rises when the severity of oxygen exchange becomes more impaired.
Mortality in these cases has been observed to reach as high as 40% to 50%. [17] Mortality from ALI/ARDS may be due directly to inability to oxygenate sufficiently due to respiratory failure, or it may result from associated VAP or multisystem organ failure. Moreover, patients become ventilator dependent, resulting in increased length of stay in intensive care units. [18] Increased disability, reduced health-care quality of life and cognitive impairment have been observed in long-term survivors. [19] ALI and ARDS are characterized by diffuse alveolar damage caused by increased permeability of the perialveolar capillary endothelia. Protein-rich fluid escapes from the intravascular space into the extravascular space, from which it spreads into the alveoli. Much like the buildup in the alveoli of plasma-like fluid that results with left heart failure from an elevation in hydrostatic pressure within the pulmonary veins, this non-cardiogenic pulmonary edema is associated with either inflammatory states secondary to trauma or aspiration, or with systemic diseases, such as drug toxicity, pancreatitis and sepsis. In respiratory burns, widening of cell-to-cell contact in the vascular endothelium is caused by the toxins adsorbed onto alveolar surfaces from inhaled smoke diffuse across the alveolar-arteriolar space.
Another feature of ALI/ARDS is cytokine release. Leucocytes (neutrophils and macrophages) accumulate in the alveolar-arteriolar interstitium and inflammatory cytokines are released, exacerbating the local damage done by toxins in the smoke. The cytokines that pour into the systemic circulation after respiratory burns can contribute to multisystem organ failure, seen commonly with ARDS. [20, 21] In addition, surface tension is altered because of reduction in surfactant production and hyaline membranes form in the alveoli, leading to alveolar collapse.
Endotracheal intubation and mechanical ventilation are necessary for survival because of the severe impairment in gas exchange and because of loss of pulmonary compliance due to accumulation of intra-and perialveolar fluid, both of which lead to impaired oxygenation and diminished removal of CO 2 . Two decades ago the goal of ventilatory support was to normalize arterial blood gases, keeping oxyhemoglobin saturation above 95% and bringing pH as close as possible to 7.4. This was achieved using high minute ventilations delivered by volume-controlled ventilators and elevated concentrations of inspired oxygen. Tidal volumes of 10-15 mL/kg were common, rationalized by the perceived need for increased recruitment of collapsed alveoli.
Experimental studies subsequently proposed reducing plateau pressures to35 cm of water to diminish the contribution of VLI to the pathophysiology of ALI and ARDS. This decrease in peak transpulmonary pressures was accomplished by decreasing tidal volume and increasing PEEP. The consequent reduction in minute ventilation required toleration of some degree of hypercapnia, popularly described as permissive hypercapnia. [22] This proposal led to a succession of clinical trials in the quest for evidence to buttress the assertion of benefit of a lung-protective ventilation strategy. However, respiratory acidosis and severe hypercapnia (pH < 7.2) are not without risk. Adverse effects include an increase in pulmonary hypertension and intracranial pressure as well as diminished renal blood flow and myocardial contractility. Thus, permissive hypercapnia may be relatively contraindicated for certain critically ill-patients. Despite this, multiple studies have shown that judicious use of permissive hypercapnia is benign. [23] [24] [25] Meta-analysis of these trials was conducted to study the effect of ventilation with lower tidal volumes on morbidity and mortality of critically ill-adults with either ALI or ARDS. [26] Only randomized, controlled trials without selection bias were selected. Six out of 10 studies of probable applicability were included for the final analysis. [27] [28] [29] [30] [31] [32] In 1030 patients in three studies, [27] [28] [29] 28 day mortality showed a distinct protective benefit of a ventilation strategy using plateau pressure less than 31 cm water and tidal volume less than 7 mL/kg of measured body weight. In 288 patients in three studies, [29] [30] [31] [32] mechanical ventilation was required on fewer days.
The degree of difference in tidal volume between the control and the treatment groups correlated directly with the increase in survival. Studies employing the tactic of low tidal volumes in which the differences between tidal volumes ranged from 4.9 to 5.6 mL/kg [27, 31] showed more benefit to survival than trials in which differences in mean tidal volume between the two groups were in the range of 2.9-3.7 mL/kg. [29, 30, 32] 
